Abstract
Introduction
Tuberculosis is one of the most common causes of death from infectious diseases. Studies have shown that one-third of the world's population is infected with M. tuberculosis (MTB). The people who are infected with MTB but who do not have active tuberculosis have latent infection (LTBI), and they have a 10% lifetime chance that they will progress to having the active disease.
Macrophages play a key role in the immune defence, and in particular, early clearance of MTB. MTB invade and replicate within alveolar macrophages. They evade the host defence system by blocking the formation of the apoptotic envelope [1] or inhibiting plasma membrane repair [2] , which lead to macrophage necrosis and dissemination of infection in the lung.
MicroRNAs (miRNAs) are small, non-coding RNAs that have an important regulatory role in gene expression programs [3] . Each miRNA has the potential to repress the expression of hundreds of genes [4] . Disease-associated miRNAs represent a new class of diagnostic marker or therapeutic targets [5] . Several of these have recently been demonstrated to regulate the components of important inflammation signalling pathways under the challenge of specific MTB antigens [6] [7] [8] [9] [10] [11] [12] . For example, miR-144
Ã were over-expressed in the T cells of active TB patients [6] , miR-146a regulating IL-6 production in dendritic cells [7] . High miR-125b expression and low miR-155 expression with correspondingly low TNF production regulate the macrophage inflammatory response [9] [10] , while the miR-155/miR-155 Ã ratio was increased in
PBMCs of MTB patients [12] . The effect of miRNA expression on the infection of various MTB strain types is as yet unknown. While most studies used laboratory strains, clinical strains such as that of the Beijing/ W family have been associated with outbreaks and multidrug resistance, and may harbour a genetic advantage for disease. We hypothesized that miRNAs have a role in regulating the unique gene expression of macrophages in a strain-and host-dependent way. In this study, we examined the expression of 384 unique human-specific and widely expressed miRNAs from PMA-treated THP-1 derived macrophages infected with different clinical MTB strains. The results revealed unique signatures that differentiated infections of Beijing/W from non-Beijing/W strains. In addition, we also revealed that differentially expressed miRNA profiles of macrophages of patients with active MTB infection differed from those of LTBI patients and healthy controls. Pathway analyses suggested that cell membrane and extracellular matrix metabolite involve glycosaminoglycan biosynthesis and fatty acid biosynthesis; and that immune-regulatory interactions involving TGF-β signalling pathway take part in the dysregulation of critical TB processes in the macrophages. These miRNAs profiles may serve as diseaseassociated markers and enhance our understanding in the host-bacterial interactions in MTB infections.
Materials and Methods

Bacterial Strains
Twelve clinical isolates of MTB, including six Beijing/W, six non-Beijing/W strains previously isolated from patients at the Prince of Wales Hospital, Hong Kong were examined. The phenotypes and genotypes of these strains were respectively confirmed by MIC and DTM-PCR methods, as described by Chen et al. [13] . Briefly, DTM-PCR used three primers in a multiplex PCR to target the RD105 deletion in Beijing/W genotypes and produced a 1,466 bp product for the non-Beijing genotype and a 761 bp for the Beijing/W genotype.
IFN-γ release assay (IGRA) testing
The QuantiFERON TB-Gold Test (Cellestis) was performed in accordance with the manufacturer's instructions.
PBMC isolation from whole blood
PBMCs were freshly harvested from the patients' whole blood by using the Ficoll-Hypaque column (GE healthcare) in accordance with manufacturer's instructions. The supernatant containing the autologous donor-specific plasma was saved and heat inactivated at 56°C for 30 min. The PBMC was resuspended in ice-cold monocyte adhesion medium (RPMI1640 + 7.5% autologous plasma, 1% penicillin-streptomycin) and incubated in a petri dish for 90minutes at 37°C. The adherent monocytes were washed with warm RPMI medium several times to remove loosely attached cells. The monocytes were detached by incubation with PBS containing 5 mM EDTA for 10-20 minutes at room temperature and were collected by centrifugation. The differentiation into macrophages was according to protocol previously described [14] . The monocytes were refed by fresh medium every 2 days and allowed to differentiate into macrophages for 10 days in vitroRNA of macrophages was harvested and kept for downstream TaqMan miRNA array experiments.
Infection of macrophages
THP-1 cells were maintained in RPMI 1640 (Gibco,Carlsbad, CA) supplemented with 10% fetal bovine serum (Gibco). Cells were incubated with phorbolmyristate acetate (5ng/ml PMA; Sigma-Aldrich, St Louis, MO) for 48 hours to induce differentiation into a macrophage phenotype [15] . MTB isolates were cultured in Middlebrook7H9 (BD Biosciences) at 37°C, 5% CO 2 until the cultures reached McFarland 1 (about 10 7 CFU/mL). The MTB cells were harvested by centrifugation and the pellet was resuspended in RPMI medium and added to the macrophages. Macrophages were infected at a multiplicity of infection (MOI) of 3 bacilli/cell for 2 hours, and the excess free-floating bacilli were removed by washing the culture with fresh RPMI containing 10μg/ml gentamicin. The culture was incubated in a fresh RPMI medium without antibiotics at 37°C, 5% CO 2 for 72-hours. Uninfected control cultures of THP-1 or human macrophages were setup with identical corresponding treatments but without MTB infection.
RNA isolation and Quantification
RNA was isolated from macrophages with the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) in accordance with the manufacturer's instructions. The purity and quantity of RNA were measured by NanoDrop (ND-1000 spectrophotometer, Thermo Scientific, Wilmington, DE, USA). The samples were used immediately or stored at -80°C.
TaqMan microRNA Array Quantitative PCR
The TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) was used for preparation of cDNA. RT reactions were performed on a GeneAmp PCR System 9600 (Applied Biosystems) with the following conditions: 40 cycles of 16°C, 2 min; 42°C, 1 min; 50°C, 1 sec; and 1 cycle of holding at 85°C, 5 minutes. All samples were analysed with the Human TaqMan low density miRNA array (TLDA, Applied Biosystems) which covered 384 different miRNAs simultaneously and performed using a fast real-time PCR system (ABI Prism 7900HT). The cycle threshold (Ct) raw data was analyzed by two manufacturer's softwares; SDS 2.4 and RQ Manager 1.2.1. The uninfected control results were set as the baseline against the infected in the analyses.
Analysis of potential mRNAs targeted by differentially expressed microRNAs
Family names were specified by miRBase release 19, while clustered microRNA described in miRBase release 19 were assumed to be polycistronic pri-miRNAs. Possible mRNA targets of the differentially expressed miRNA were identified by using the miRwalk databases [16] 
Statistical analysis
The expression level of each miRNA was calculated by the relative quantity (RQ value) (2 -ΔΔCt ) method. The internal control, Mammal U6, was selected for normalization across all experiments. The Ct raw data were determined by using an automatic baseline and a threshold of 0.2 (RQ Manager, ABI, Life Technologies). Significant differences were evaluated in SPSS (v20.0 for Windows). Only miRNAs with a P value of 0.05 and with consistent expression in all of the samples were considered as differentially expressed. Unsupervised clustering analysis, using DataAssist v 3.01 of ABI (Life Technologies), was performed to identify the different sub-groups defined by miRNA expression profiles. "The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus [18] and are accessible through GEO Series accession number GSE65810 for the human miRNA and GSE65811 for THP-1 cells miRNA profiles (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE810; http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE811) respectively.
Results
MicroRNA expression profiling of THP-1macrophages infected with MTB strains
PMA-induced THP-1 macrophages were infected separately with six Beijing/W and six nonBeijing/W strains. MicroRNAs were quantitated by RT-PCR using the Human TaqMan Low Density Array (TLDA). Of the miRNAs that were fully expressed in all samples, statistically significant differential expression (p < 0.05) of 14 miRNAs in macrophages of Beijing/W MTB infection were identified when compared with that of non-Beijing/W strains (Table 1) . Of these, 13 miRNAs (hsa-let-7e, hsa-let-7f, hsa-miR-10a, hsa-miR-21, hsa-miR-26a, hsa-miR99a, hsa-miR-140-3p, hsa-miR-150, hsa-miR-181a, hsa-miR-320, hsa-miR-339-5p, hsa-miR-425, and hsa-miR-582-5p) were repressed in the Beijing/W TB infected group (Fig 1) . The cluster analysis is shown in S1 (Table 2) showed that immune-regulatory interactions of the TGF-β signalling pathway were involved. In particular, a change of pathways leading to cell communication (Gap junction, focal adhesion, and adherens junction) and cellular process (endocytosis and apoptosis), as well as signal transduction through MAP kinases, mTOR, ECM receptor, and Wnt were implicated.
MicroRNA Expression in host macrophages of active MTB, latent infection and healthy controls
The miRNA expression in macrophages of active MTB (n = 3), LTBI infection (n = 4), and healthy controls (n = 3) were examined. Details of the subjects are listed (S1 Table) . Eleven miRNAs was found to be differentially expressed in the active MTB versus the latent/healthy controls (p < 0.05) ( Table 3) . Among these 11 miRNAs, no differences were observed between the latent and healthy controls groups. Seven miRNAs had different expression levels between active TB and healthy controls: six miRNAs (hsa-miR-16, hsa-miR-137, hsa-miR-140-3p, hsamiR-193a-3p, hsa-miR-501-5p, and hsa-miR-598) were upregulated while hsa-miR-95 was down-regulated. Two miRNAs (hsa-miR-101 and hsa-miR-150) were found to differentiate the LTBI group from the MTB active disease group (S2 Fig). Interestingly, hsa-miR-146b-3p and hsa-miR-296-5p were expressed in all of LTBI group but not in the active MTB and healthy controls. Fig 2 shows a tendency for these 11 differentially expressed miRNAs to cluster independently the groups of active MTB disease and the LTBI or healthy controls.
The biological pathways potentially implicated by these differentially expressed miRNAs are listed in Table 4 . Pathway analyses identified that the change of cell membrane and extracellular matrix metabolite involving glycosaminoglycan biosynthesis-HS and fatty acid biosynthesis might play a role in MTB infection. This might result in signal transduction through MAP kinases, mTOR, ECM receptor, and Wnt, and finally activate the immune-regulatory interactions involving the TGF-β signalling pathway and the T cell receptor signalling pathway.
Discussion
MiRNAs can modulate the innate and adaptive immune responses to pathogens by affecting mammalian immune cell differentiation and the development of diseases of immunological origin [19] , because various bacterial cell wall components, such as peptidoglycan (PG), lipoproteins and lipopolysaccharide (LPS) could upregulate the miRNAs levels [20] .
In our studies, miRNA profiles in the macrophages were found to be altered in MTB infection in a strain-and host-dependent way. The Beijing genotype strain is the most predominant M. tuberculosis strain in south China, and it has caused large outbreaks of MDR-TB. The Beijing strains showed increased transmission fitness when they acquired streptomycin resistance [21] . Beijing genotype strains were also found to induce the STAT1 activation and interferonrelated immune response [22] [23] . We showed for the first time that the Beijing/W strains repressed a number of miRNAs as compared to the non-Beijing/W TB strains, which might reflect their virulence characteristics in altering the host response. Hsa-miR485-3p was found to be upregulated in Beijing/W infected macrophages. Hsa-miR-485-3p has been shown to be involved in cell survival [24] and knockdown of this miRNA in hepatic cells increased apoptosis [25] . Previous report indicated that miR-485-3p post-transcriptionally targeted NF-YB [24] , a direct transcriptional repressor of Top2α gene and of MDR1 and CCNB2 genes [26] in regulation of the cell cycle, Our results suggest that high miR-485-3p possibly facilitates survival of the Beijing/W strains in macrophages and evades apoptosis or alters macrophage lysis and subsequent downstream immune response toward clearance of MTB.
The difficulty in discriminating the spectrum of MTB infections and of latency is prompting the need to search for new biomarkers for MTB infection. Previous studies that have utilized such microarrays as diagnostic markers are listed in Table 5 . Studies used whole-genome transcriptional profiling of peripheral blood mononuclear cells (PBMCs) [27] or whole blood cells [28] found that FcGR1B (CD64) and Fc gamma receptor 1B (FCGRIB) were the most differentially expressed genes in the individuals with active TB. A recent report found a dominant TNF-a+ MTB-specific CD4+ T cell response that discriminated between LTBI and active disease [29] . The miRNA expression profile of PBMCs [30] and sputum supernatant [31] exhibited a characteristic expression in MTB infection, while the miRNA signatures from serum also associated to different phases of TB infections [32] [33] [34] [35] . These data may shed some light to the roles of miRNAs in MTB infections, but do not yet explain the transition of latency to active TB disease. We were able to distinguish with the expression of 11-miRNA signature profiles of the active TB group from that of the LTBI group but not that of latent and healthy groups. When we carried out the analysis using group-wise comparisons, the variations between individual group members showed that 10-25% of the latent patients remained clustered with the active TB patients, and this corroborated with a previous study which concluded that the whole-blood transcript dominated by neutrophil-driven interferon (IFN)-inducible genes correlated with the radiological extent of active MTB [36] . The microRNA profile in the human macrophage was quite different from that of whole blood, sputum and PBMCs from the literature. In our study, some of the miRNAs were proven to play key roles in the immune and inflammatory pathways, and their biological targets in MTB infection have been previously described ( Table 6 ). The miRNA-146 family was found to play key roles in the anti-inflammatory reaction. miR-146b could be induced by LPS or PG from bacteria [42] . miR-146a/b was a negative regulator of constitutive NF-kB activity, which results in the suppression of IL-1 receptor-associated kinase 1 and TNF receptor-associated factor 6 protein levels [42, 43] . In our study, the expression of miR-146b in the LTBI group was significantly higher than that in active TB infections. We propose that hsa-146b-3p may be highly related to the LTBI. miR-21 can be induced after Bacillus Calmette-Guerin (BCG) vaccination by NF-kB activation. miR-21 suppressed the IL-12 production by targeting IL-12p35, which impaired anti-mycobacterial T cell responses both in vitro and in vivo. Additionally, miR-21 also promoted Indicates miRNA expression in macrophages of active group vs healthy controls. c P-value was obtainedby an independent median test. dendritic cell (DC) apoptosis by targeting Bcl-2. Therefore, miR-21 may potentially be involved in the fine-tuning of the anti-mycobacterial Th1 response and in regulating the efficacy of BCG vaccination [44] [45] [46] [47] .
miR-150 has been one of the extensively studied miRNAs, and it has been demonstrated to be selectively expressed in mature naive B and T cells, being down-regulated in their progenitors or in lymphocyte activation and strongly upregulated as maturation progresses [48] [49] [50] [51] . The well-known targets for miR-150 are NOTCH3 (a member of the Notch receptor family) and c-Myb (a transcription factor that plays an essential role in the hematopoietic process that plays important roles both in T-cell differentiation and leukemogenesis). In our study, the Beijing/W clinical strains suppressed the miR-150 and miR-21expression and they may play a role in virulence. Lower expression of miR-150 in the active TB patients compared with the latent and healthy controls may be due to the reduced mature T cells and B cells in patients with active TB, as previous studies have shown [36] .
Both miR-150 and miR-140-3p were differentially expressed in macrophages infected in vitro and those from active TB patients. These two miRNAs are related with the secondary signal transduction pathway, which and likely involved in MTB infection. Four predicted pathways, including Wnt signalling pathway, insulin signaling pathway, TGF-β signalling pathway and glycosaminoglycan biosynthsis, are involved in Beijing/W & non-Beijing/W (Table 2) and active MTB& LTBI (Table 4) studies. This reaffirms the involvement of the inflammatory defence and signal transduction and cell communication in the macrophages in in MTB infection in vitro and in the host.
Four pathways of cell membrane and communication (adherens junction, gap junction, glycosaminoglycan biosynthsis-heparan sulfate/keratin sulfate metabolite), suggesting that Beijing/W TB strain may affect macrophage survival by altering their cell membrane structure and limit the downstream host immunological defence reaction. The inflammatory miRNA miR-146b-3p, miR-101 and the cell survival miRNA miR-193a-3p and miR-296-5p were only found differentially expressed in macrophages of active TB group, suggesting response that alters macrophage survival in the infected host.
In addition, compared with whole blood, the microRNA profile revealed from the adherent human macrophages reflect the molecular changes in the TB-engulfed macrophages, bringing insights into the immunological defence mechanisms of these macrophages, where the initial clearance of MTB takes place during infection. On the contrary, the microRNA profiles of [11, 28, 32, 33] . Differentially expressed miRNAs and their transcriptional targets might potentially affect the regulation of multiple biological networks. Pathway analysis of our expression profile determined different transcripts that were modified by these miRNAs. These results provide clues for the identification of transcriptionally regulated mechanisms of key biological processes in TB, enhance our understanding of the fundamental biology of MTB, and offer leads for new diagnostics in the future.
Supporting Information Table. Characteristics of active TB, latent and healthy controls in this study.
(DOCX) hsa-miR-150 NOTCH3, c-myb [48] [49] [50] [51] hsa-miR-101 RC3H1, IL10, IL17A, IL17D [52] hsa-miR-140-3p CD38 [53] hsa-miR-181a K-ras, MAP2K1, MAPK1 and Snai2 [54, 55] hsa-miR-26a IL6, CDC6, PRL-1 [56] [57] [58] hsa-miR-193a-3p
Mcl-1, ERBB4, S6K2 [59, 60] hsa-miR-296-5p BAX, Bcl2, MDR1, CyclinD1, P27 [61] doi:10.1371/journal.pone.0126018.t006
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